We consider a non-exotic gauged U(1) X extension of the Standard Model (SM), where the U(1) X charge of a SM field is given by a linear combination of its hypercharge and Baryonminus-Lepton (B − L) number. All the gauge and mixed gauge-gravitational anomalies are canceled in this model with the introduction of three right-handed neutrinos (RHNs). Unlike the conventional minimal U(1) X model, where a universal U(1) X charge of −1 is assigned to three RHNs, we consider an alternative charge assignment, namely, two RHNs (N 1,2 R ) have U(1) X charge −4 while one RHN (N R ) has a +5 charge. With a minimal extension of the Higgs sector, the three RHNs acquire their Majorana masses associated with U(1) X symmetry breaking. While N 1,2 R have Yukawa coupling with the SM lepton doublets and play an essential role for the "minimal seesaw" mechanism, N R is isolated from the SM particles due to its U(1) X charge and hence it is a natural candidate for the dark matter (DM) without invoking additional symmetries. In this model context, we investigate the Z ′ -portal RHN DM scenario, where the RHN DM communicates with the SM particles through the U(1) X gauge boson (Z ′ boson). We identify a narrow parameter space by combining the constraints from the observed DM relic abundance, the results of the search for a Z ′ boson resonance at the Large Hadron Collider Run-2, and the gauge coupling perturbativity up to the Planck/Grand Unification scale. For a special choice of U(1) X charges for the SM fields allows us to extend the model to SU(5)×U(1) X grand unification. In this scenario, the model parameter space is more severely constrained, which will be explored at future high energy collider experiments.
I. INTRODUCTION
Despite its tremendous success in describing various elementary particle phenomena, the Standard Model (SM) cannot account for two major experimental results, namely, the existence of dark matter (DM) in the Universe and the neutrino oscillation phenomena resulting in neutrinos' tiny masses and substantial mixings among different flavors. Type-I seesaw [1] is probably the simplest possibility to naturally generate tiny neutrino masses, where heavy Majorana right-handed neutrinos (RHNs) singlet under the SM gauge group play the crucial role. These RHNs are naturally incorporated into the minimal gauged B − L extension of the SM [2] , where the global B − L (Baryon number minus Lepton number) symmetry of the SM is gauged. In the model, all the gauge and mixed gauge-gravitational anomalies are canceled out in the presence of three RHNs. Majorana masses for the RHNs are generated associated with the spontaneous U(1) X symmetry breaking, and the type-I seesaw mechanism works after the electroweak symmetry breaking.
A concise way to incorporate a DM candidate into the minimal B − L has been proposed in Ref. [3] , where a Z 2 symmetry is introduced and an odd-parity is assigned to one RHN while all the other fields are parity-even. Requiring the Lagrangian to be Z 2 -even, the parityodd RHN is stable and hence a unique DM candidate in the model. The essential point is that the Z 2 -parity devides three RHNs into two parity-even RHNs and the RHN DM, so that the seesaw mechanism is realized with only the two RHNs. This framework is the so-called "minimal seesaw" [4] , which has a sufficient number of free parameters to reproduce the neutrino oscillation data while predicting one massless light neutrino eigenstate. The phenomenology of the RHN DM in the minimal B − L model has been extensively studied [3, [5] [6] [7] [8] [9] [10] . It is particularly interesting that the RHN DM communicates with the SM particles through the Z ′ boson (Z ′ -portal RHN DM). As has been shown in Ref. [7] , the cosmological constraint and the results from the search for a Z ′ boson resonance at the the Large Hadron Collider (LHC) Run-2 are complementary to narrow down the model parameter space. It is known that the minimal B − L model is generalized to the minimal U(1) X model [11] with the same particle content except for the U(1) X charge assignment [12] : the U(1) X charge of a SM field is defined as a linear combination of its hypercharge and B − L charge. The phenomenology of the Z ′ -portal RHN DM in the context of the minimal U(1) X model has been studied in Ref. [13] (see also [14] ) to identify the allowed parameter region from the cosmological and collider phenomenology constraints. Furthermore, an extension of the U(1) X model to SU(5)×U(1) X grand unification has been proposed in Ref. [15] .
In the minimal B − L model or the U(1) X model discussed above, flavor universal U(1) X charges are assigned to three RHNs. However, there is another charge assignment to make the model anomaly-free [16] . In this alternative charge assignment, two RHNs have U(1) X charge −4 while a +5 charge is assigned to one RHN. Interestingly, the three RHNs are divided into two RHNs and one RHN by their U(1) X charges. As we will discuss in the next section, in a minimal extension of the Higgs sector, the two RHNs are involved in the minimal seesaw mechanism, while the RHN with +5 charge cannot have coupling with the SM particles because of its U(1) X charge. Hence, this RHN with +5 charge is a natural DM candidate without introducing any other symmetry like Z 2 symmetry. In this paper we investigate the Z ′ -portal RHN DM scenario in the U(1) X extended SM with the alternative U(1) X charge assignment for the RHNs (see, for example, Ref. [17] for an attempt to implement the inverse seesaw with the alternative charge assignment). Considering the cosmological constraint, the LHC Run-2 results for the Z ′ boson resonance search, and the gauge coupling perturbativity constraint, we identify an allowed model parameter space. We also discuss an extension of the model to SU(5)×U(1) X grand unification and phenomenological constraints of the model. This paper is organized as follows: In the next section, we introduce the U(1) X model with the alternative charge assignment for RHNs and a minimal Higgs sector. In Sec. III, we analyze the DM relic abundance and constrain on the model parameter region so as to reproduce the observed DM relic abundance. In Sec. IV, we consider the LHC Run-2 results by the ATLAS and the CMS collaborations from the search for a narrow resonance with dilepton final states.
We interpret the current LHC results into the constraints on the Z ′ boson production process in our U(1) X extended SM. We also consider the gauge coupling perturbativty bound as well as the LEP constraints from the search for effective 4-Fermi interactions. Combining all the constraints, we identify an allowed parameter region. We further discuss an extension of the model to SU(5)×U(1) X grand unification in Sec. V. The last section is devoted to conclusions and discussions.
II. THE U(1) X EXTENDED SM WITH ALTERNATIVE CHARGE ASSIGNMENT
We consider a U(1) X extended SM, where the U(1) X charge of a SM field is defined as a linear
Here, a real parameter x H parameterizes an "angle" between the U(1) Y and the U(1) B−L directions.
Unlike the conventional case with a generation independent U(1) X charge assignment for three RHNs, we consider an alternative charge assignment, namely, a U(1) X charge −4 is assigned to two RHNs (N 1,2 R ) while a U(1) X charge −5 is assigned for the third RHN (N R ) [16] . The cancellation of all the gauge and mixed gauge-gravitational anomalies is also achieved by this charge assignment. In this "alternative U(1) X model", we introduce a minimal Higgs sector with a new Higgs doublet H ν and U(1) X Higgs scalars Φ A,B . The particle content is listed in In addition to the three generations of SM particles (i = 1, 2, 3), the particle content includes three RHNs (N 1,2 R and N R ) and three Higgs fields (H ν , Φ A,B ). The U(1) X charge of a SM field is defined as a linear combination of the SM U(1) Y and the U(1) B−L charges with one real parameter x H . The model is anomaly free in the presence of the three RHNs with their assigned U(1) X charges. Table I .
In addition to the SM, we introduce Yukawa couplings involving new fields:
Note that due to the gauge invariance, two RHNs (N 1,2 R ) have the Dirac Yukawa couplings with the SM lepton doublets as well as the Majorana Yukawa couplings, while the RHN N R has only the Majorana Yukawa coupling. In the scalar sector, we assume a suitable Higgs potential to yield VEVs for H, H ν , Φ A , and Φ B :
where we require v 2 h + v 2 ν = (246 GeV) 2 for the electroweak symmetry breaking. After the U(1) X and SM gauge symmetries are spontaneously broken, the Majorana mass terms for the RHNs and the mass of the U(1) X gauge boson (Z ′ ) are generated:
Here, we have used the LEP constraint:
. Similarly, the neutrino Dirac masses are given by
and hence the minimal seesaw mechanism with only two RHNs (N 1,2 R ) generates tiny masses for the SM neutrinos. Thanks to its U(1) X charge, N R has no direct coupling with the SM fields, and hence it is naturally a DM candidate. This is in a sharp contrast with the minimal U(1) X model with a RHN DM [3, 13] , where the introduction of Z 2 symmetry is essential to stabilize a Z 2 -odd RHN DM with the conventional U(1) X charge assignment.
Let us first consider the DM physics of our model. There are two ways for the RHN DM to interact with the SM particles. One is through the Z ′ boson interaction since all particles in our model have U(1) X charges (Z ′ -portal DM). The other is through the Higgs boson interactions. Since the Higgs field Φ B generally has mixed quartic couplings with the other Higgs fields in the Higgs potential, the Higgs boson mass eigenstates after the gauge symmetry breaking include the SM Higgs boson components. As a result, a pair of RHN DMs can communicate with the SM particles through the Higgs bosons (Higgs-portal DM). Since the Higgs-portal DM scenario has already been extensively studied in the literature [3, 6] , we assume that the mixing coupling between Φ B and H is negligibly small and focus on the Z ′ -portal RHN DM scenario.
As previously studied in Refs. [7, 13] , the DM physics and the Z ′ boson search at the LHC are complementary to narrow down the model parameter space.
The relic abundance of the DM measured by the Planck satellite experiments is given by Ω DM h 2 = 0.1198 ± 0.0015 [19] (at 68% limit). In our analysis, we impose the constraint on the parameters so as to reproduce the observed DM relic abundance, 0.1183 ≤ Ω DM h 2 ≤ 0.1213. To evaluate the DM relic abundance, we solve the Boltzmann equation given by [20] 
where x = m DM /T is a normalized temperature with a DM mass m DM , σv is a thermally averaged DM annihilation cross section (σ) times relative velocity (v), H(m DM ) is the Hubble
is the entropy density of the thermal plasma at T = m DM , Y is the yield of the DM particle which is defined as a ratio of the DM number density to the entropy density, and Y EQ is the yield of the DM in thermal equilibrium. Explicit forms for the quantities in the Boltzmann equation are as follows:
where K 2 (x) is the modified Bessel function of the second kind, M P = 2.44 × 10 18 GeV is reduced Planck mass, g DM = 2 is the number of degrees of freedom for the Majorana RHN DM, and g ⋆ is the effective total number of degrees of freedom for the particles in thermal equilibrium which we fix g ⋆ = 106.75 for the SM particles. The thermally average of the DM annihilation cross section is given by the following integral expression:
where n EQ = s(m DM )Y EQ /x 3 is the DM number density, K 1 is the modified Bessel function of the first kind, and the reduced cross sectionσ(s) is defined aŝ
with σ(s) being the total annihilation cross section of the DM particle.
Through the Z ′ boson exchange, a pair of RHN DMs annihilates into SM fermion pairs and pairs of the other RHNs if kinematically allowed. The RHN DM pair annihilation cross section for these processes are given by
Here, α X = g 2 X /(4π) is the U(1) X gauge coupling, θ is the Heaviside step function, and Γ Z ′ is the total decay width of the Z ′ boson given by
where
In our analysis, we have neglected all SM fermion masses, since the RHN DM and Z ′ boson are much larger than the SM particles as we will see below. Then, the total annihilation cross section of the RHN DM is given by
By numerically solving the Boltzmann equation, we evaluate the relic abundance of the RHN DM at the present Universe by
where s 0 = 2890 cm −3 is the entropy density of the present Universe, and ρ c /h 2 = 1.05 × 10 −5 GeV/cm 3 is the critical density.
In our analysis, we set m 1,2 N = m Z ′ /4, for simplicity. 4 The resultant DM relic abundance is controlled by four free parameters, namely, α X , m Z ′ , m DM , and x H . In Fig. 1 , we show the relic abundance as a function of m DM for fixed m Z ′ = 3 TeV and x H = −0.8 as an example, along with the observed DM relic abundance in the range of 0.1183 ≤ Ω DM h 2 ≤ 0.1213 (the region between two dashed lines). The solid lines from top to bottom are the relic abundance for fixed gauge coupling values, α X = 4.5 × 10 −5 , 5.1 × 10 −5 , and 5.5 × 10 −5 , respectively. From Fig. 1 we have found a lower bound on α X 5.1 × 10 −5 in order to reproduce the observed DM relic abundance. Fig. 1 also indicates that the Z ′ boson resonance effect is crucial in reproducing the observed DM relic abundance and hence, m DM ≃ m Z ′ /2.
In Fig. 2 , we show the lower bound on α X as a function of m Z ′ in order to reproduce the DM relic abundance for three fixed values of x H . The solid, the dashed, and the dotted lines 4 In Ref. [21] , a prospect of discovering the RHNs (N 1,2 ) at the High-Luminosity LHC has been investigated in the same model context with the parameter choice of m 1,2 N = m Z ′ /4 = 750 GeV. When we set m Z ′ = 3 TeV in our analysis, we can combine our results of the present paper with those in Ref. [21] . represent our results for x H = 2, 0, and −1.2, respectively (the dashed and the dotted lines are well overlapping and indistinguishable). The lower bound is increasing as m Z ′ is raised, since the typical scale of the DM annihilation cross section is controlled by m Z ′ ≃ 2m DM . We can see that the lower bound on α X is very weakly depends on x H . This is because a pair of the RHN DMs dominantly annihilates into the RHNs (N 1,2 ) due to their large U(1) X charges, as indicated by the cross section formulas in Eq. (9).
IV. LHC CONSTRAINTS AND COMPLEMENTARITY WITH COSMOLOGICAL BOUNDS
The ATLAS and the CMS collaborations have been searching for a narrow resonance with gauge coupling as a function of Z ′ boson mass (for a fixed x H value). Since the ATLAS and CMS results are consistent with each other, we employ the ATLAS result [22] in our analysis to constrain the model parameters.
The differential cross section for the process, pp → Z ′ + X → ℓ + ℓ − + X; ℓ + ℓ − = e + e − /µ + µ − , with respect to the dilepton invariant mass M ℓℓ is given by
where Q is the factorization scale (we fix Q = m Z ′ , for simplicity), E LHC = 13 TeV is the center-of-mass energy of the LHC Run-2, f q (fq) is the parton distribution function for quark (anti-quark), and the cross section for the colliding partons is described aŝ
where the function F qℓ (x H ) is given by
for q being the up-type (u) and down-type (d) quarks, respectively. In our analysis, we employ CTEQ6L [24] for the parton distribution functions and numerically evaluate the cross section of the dilepton production through the s-channel Z ′ boson exchange. Since the RHN DM mass must be close to half of the Z ′ boson mass, its contribution to the Z ′ boson decay width is negligibly small, and thus the resultant cross section is controlled by only three free parameters, α X , m Z ′ and x H . In interpreting the latest ATLAS results [22] for the upper bound on the cross section of the process pp → Z ′ + X → ℓ + ℓ − + X, we follow the strategy in Refs. [7, 9, 13] : we first calculate the cross section of the process by Eq. (14) and then we scale our cross section result to find a k-factor (k = 1.31) by which our cross section coincides with the SM prediction of the cross section presented in the ATLAS paper [22] . This k-factor is employed for all of our analysis. In this way, we find an upper bound on α X as a function of m Z ′ (x H ) for a fixed value of x H (m Z ′ ).
The LEP experiments have searched for effective 4-Fermi interactions mediated by a Z ′ boson [25] , and no significant deviation from the SM predictions have been observed. The LEP results are interpreted into a lower bound on m Z ′ / √ α X for a fixed x H value, which means an upper bound on α X as a function of m Z ′ for a fixed x H value similar to the constraints obtained from the LHC Run-2 results. For the minimal U(1) X mode, the LEP bound on m Z ′ / √ α X has been obtained in Refs. [13, 26] . Since the U(1) X charge assignment for the SM fermions in our model is the same as in the minimal model, the LEP bound presented in Refs. [13, 26] can be applied also to our model. Thus, we simply refer the bound. We will see that the LHC constraints are much more severe than the LEP one for m Z ′ ≤ 5 TeV.
To constrain the model parameter space further, we may also consider a theoretical upper bund on α X , namely, the perturbativity bound on the gauge coupling. Considering all particles in Table I , we find the beta function coefficient of the renormalization group (RG) equation for the U(1) X gauge coupling to be
which is very large. To keep the running U(1) X gauge coupling α X (µ) in the perturbative regime up to the Planck scale (M P l = 1.22 × 10 19 GeV), an upper bound on α X at low energies can be derived. Solving the RG equation for the U(1) X gauge coupling at the one-loop level, we find the relation between the gauge coupling at m Z ′ (denoted as α X in our DM and LHC analysis) and the one at the Planck scale α X (M P l ):
For simplicity, we have set a common mass for all new particles to be m Z ′ . Effects of mass splittings are negligibly small unless new particle mass spectrum is hierarchical. Imposing the perturbativity bound of α X (M P l ) ≤ 4π, we find an upper bound on α X for fixed m Z ′ and x H values.
Let us now combine all constrains. We have obtained the lower bound on α X from the observed DM relic abundance. On the other hand, the upper bound on α X has been obtained from the LHC results from the search for a narrow resonance, the LEP results and the coupling perturbativity up to the Planck scale. Note that these constraints are complementary to narrow down the model parameter space. 5 In Fig. 3 , we show the combined results for three benchmark (red) dashed and (red) dot-dashed lines are the upper bounds on α X from the LHC and LEP results, respectively. The perturbativity bounds on α X are depicted by the dotted lines. The regions satisfying all the constrains are (green) shaded. As we have discussed in the previous section, the cosmological lower bound on α X depends on x H very weakly. We can see from Eq. (17) that the perturbativity bound also weakly depends on x H for |x H | < O(1). On the other hand, the LHC bounds are sensitive to x H , and x H ≃ −1 is the best value to loosen the LHC constraints, as we will discuss below. For x H = −1.2 (top-left panel), the upper bound on α X is mainly obtained by the perturbativity bound. We can see that as a x H value is going away from x H ≃ −1, the LHC bounds become more severe. For x H = 2 (bottom panel), the allowed region is severely constrained to have the lower bound on m Z ′ ≥ 3 TeV.
Finally, in Fig. 4 we show the allowed parameter region in (α X , x H )-plane for fixed m Z ′ = 3 TeV. The solid line is the cosmological lower bound on α X as a function of x H , while the (red) dashed line is the upper bound on α X obtained from the LHC Run-2 results. The dotted line denotes the perturbativity bound. The LEP bound is much weaker than the LHC and the perturbativity bound and lies outside of the range shown in this figure. Note again that all three constraints are complementary for narrowing the allowed region (green shaded): −3.7 x H 2.0 and 5 × 10 −5 α X 2 × 10 −3 . The (red) dashed line shows the maximum for x H ≃ −1, which indicates that the dilepton production cross section becomes minimum for this x H value. This fact can be roughly understood by using the narrow decay width approximation. When the total decay width of the Z ′ boson is very narrow, we approximate Eq. (15) aŝ
where we have neglected the mass for N 1,2 , for simplicity. Using the explicit formulas for F (x H ) and F qℓ (x H ) given in Eqs. (11) and (16), we can find that the function F qℓ (x H )/(F (x H ) + 32) exhibits a minimum at x H = −0.8 and x H ≃ −1.2 for q = u and q = d, respectively. The parton distribution functions average the contributions from u and d, and we have found that the dilepton production cross section is minimized at x H ∼ −1.
V. SU(5)×U(1) X GRAND UNIFICATION In Ref. [15] , the authors of the present paper have proposed SU(5)×U(1) X grand unification of the minimal U(1) X model with Z ′ -portal RHN DM. In this section, we consider the same direction for our alternative U(1) X model. As discussed in Ref. [15] , the choice of x H = −4/5 allows us to unify the SM gauge group SU(3) C ×SU(2) L ×U(1) Y into the grand unified SU (5) gauge group [27] . Although the U(1) X charge assignment of the RHNs in our model is quite different from the conventional case, the SU(5) grand unification is also possible in our mode by fixing x H = −4/5 since the RHNs are singlet under the SM gauge group. Interestingly, as shown in Fig. 4 , the choice of x H = −4/5 is close to the best value to result in a wide allowed region. This is also true for the SU(5)×U(1) X unification with the conventional charge assignment [15] . As usual, we consider the SU(5) symmetry breaking by a suitable VEV of a SU(5) adjoint Higgs field with a vanishing U(1) X charge.
Let us first consider the unification of the SM gauge couplings. Following Ref. [28] , we introduce two pairs of vector-like quarks with mass of O(1 TeV), D L + D R and Q L + Q R in the representations, (3, 1, 1/3) and (3, 2, 1/6) of the SM gauge group, respectively. We fix their masses to be larger than m Z ′ /2 not to alter the Z ′ boson decay width used in the previous sections. As have been shown in Ref. [28] , the SM gauge couplings are successfully unified with the SM particle content plus the vector-like quarks at the TeV scale. Although our model includes one new Higgs doublet H ν being involved in the RG analysis, we have found that the SM gauge couplings are successfully unified at M GUT ≃ 1.13 × 10 16 GeV. The RG running of the SM gauge couplings at the one-loop level is shown in the left panel of Fig. 5 . In this analysis, we have used a degenerate mass for the vector-like quarks (M D,Q = 5 TeV) and a 2.5 TeV mass for the new Higgs doublet H ν .
Interestingly, the presence of the vector-like quarks has another phenomenological importance [29] . For the observed Higgs boson mass of 125 GeV, it is known that the SM Higgs quartic coupling becomes negative at µ ∼ 10 10−11 GeV in its RG evolution [30] , and hence the electroweak vacuum is unstable. This is because a negative contribution from top quark loops dominates the beta function of the SM Higgs quartic coupling. However, the beta function is drastically modified in the presence of the vector-like quarks. The essential effect is the following: The SM SU(2) gauge coupling turns to be asymptotic non-free and becomes larger towards high energies. Since the SU(2) gauge coupling give a positive contribution to the beta function of the SM Higgs quartic coupling, the beta function turns to be positive at some high energy and as a result, the electroweak vacuum instability problem can be solved [29] . In the right panel of Fig. 5 , we show the RG evolution of the SM Higgs quartic coupling in the presence of the vector-like quarks with a common mass of 5 TeV. We find that the Higgs quartic coupling is kept positive in its RG evolution.
Under the SU(5)×U(1) X gauge group, the vector-like quarks, D L + D C R and Q L + Q C L , are unified into (5, 3/5) ⊕ (5 * , −3/5) and (10, 1/5) ⊕ (10 * , −1/5), respectively. To leave only the vector-like quarks light but the others in the multiplets heavy, we consider the same strategy for the triplet-doublet Higgs mass splitting usual in the SU(5) model: we introduce their couplings with the SU(5) adjoint Higgs field and tune their mass parameters to make only the vector-like quarks light after the SU(5) gauge symmetry breaking. See Ref. [15] for details.
Finally, we show the combined result for the SU(5)×U(1) X grand unification in Fig. 6 . Here, we have fixed the vector-like quark masses and the new Higgs doublet mass to achieve the gauge coupling unification, as discussed above. Since Fig. 6 , the LEP constraint (dash-dotted line) is also shown for completeness. Combining all the constraints, the resultant allowed parameter region is shown as the (green) shaded region. The three constraints are complementary to lead to the upper bound of m Z ′ ≤ 16.5 TeV. For m DM 3.5 TeV, the perturbativity bound on the gauge coupling is more severe than the LHC Run-2 constraint. We expect that the High-Luminosity LHC will dramatically improve the constraint, and the (red) dashed line will move to the right in the future to exclude a low m Z ′ region, otherwise, the evidence of the Z ′ boson production will be found.
VI. CONCLUSIONS AND DISCUSSIONS
We have considered the non-exotic gauged U(1) extension of the SM. Under the new U(1) X symmetry, the charges of the SM particles are defined as a linear combination of the SM U(1) Y and U(1) B−L charges. In the conventional model, three RHNs with a universal U(1) X charge −1 are introduced, with which all the gauge and mixed-gravitational anomalies are canceled.
In this paper, we have considered an alternative charge assignment for three RHNs, namely, two RHNs (N 1,2 R ) have a charge −4 while one RHN (N R ) has a charge −5. The model with this alternative charge assignment is also free from all the anomalies. Introducing a minimal Higgs sector, Majorana neutrino masses for all three RHNs are generated through the spontaneous U(1) X gauge symmetry breaking. Because of the alternative U(1) X charge assignment, only N 1,2 R have Yukawa couplings with the SM lepton doublets, while N R serves as a unique DM candidate of the model. No additional symmetry such as a Z 2 parity is necessary to stabilize N R . After the electroweak symmetry breaking, the seesaw mechanism generates the SM neutrino mass matrix with only the two Majorana RHNs (minimal seesaw).
In the context of the alternative U(1) model with the minimal Higgs sector, we have investigated the Z ′ -portal RHN DM scenario. Our analysis involves four free parameters, namely, the U(1) X gauge coupling (α X ), a real parameter x H parametrizing the U(1) X charge for the SM Higgs doublet, the U(1) X gauge boson (Z ′ ) mass (m Z ′ ), and the RHN DM mass (m DM ). We have found that an enhancement of the RHN pair annihilation process via a Z ′ boson resonance is crucial to reproduce the observed DM relic abundance. Thus, m DM ≃ m Z ′ /2 is required and the freedom of m DM is effectively dropped out from our analysis. We have found a cosmological lower bound on α X as a function of m Z ′ (x H ) for fixed x H (m Z ′ ) values. The current LHC Run-2 results on the search for a narrow resonance with dilepton final states play another important role to constrain our model parameters. Employing the LHC Run-2 results, we have found an upper bound on α X as a function of m Z ′ (x H ) for fixed x H (m Z ′ ) values. We have also found that the perturbativity bound on α X severely constrains the model parameter space.
Combining all the constraints, we have identified an allowed parameter region of the model. Here, three constraints from the DM relic abundance, the LHC Run-2 results and the gauge coupling perturbativity are complimentary to narrow down the allowed parameter region. The present allowed region will be explored by the future collider experiments.
Interestingly, the choice of x H = −4/5, which is very close to the best value to loosen the LHC constraints allows us to extend the model to SU(5)×U(1) X unification, where the SM gauge group is unified into the grand unified SU(5) group. We have shown the SM gauge couplings are successfully unified at M GUT ≃ 1.13 × 10 16 GeV with the introduction of vectorlike quarks at the TeV scale. With this unification scale, the proton lifetime is estimated as τ p ∼ 6 × 10 35 years, which is consistent with the current experimental lower bound obtained by the Super-Kamiokande [31] : τ p (p → π 0 e + ) 10 34 years. We have also shown that the SM vacuum instability problem can be solved in the presence of the vector-like quarks at the TeV scale. Combining all constraints from the observed DM relic density, the LHC Run-2 results for the Z ′ boson search, and the gauge coupling perturbativity, we have identified a narrow allowed parameter region with the upper bound on m Z ′ ≤ 16.5 TeV.
Finally, we comment on the Higgs sector of our model. Because of the alternative U(1) X charge assignment for three RHNs, the SM Higgs doublet has no coupling with the RHNs in the original Lagrangian, and the neutrino Dirac mass term is generated from the VEV of the new Higgs doublet H ν . This structure is nothing but the one in the so-called neutrinophilic two Higgs doublet model [32] . Hence, our model can be regarded as an example of the ultraviolet completion of the neutrinophilic two Higgs doublet model. In this model, a very small VEV for H ν is induced through a small mixing mass term, m 2 mix (H † H ν + h.c.), and a large positive mass squared, M 2 H † ν H ν , in the Higgs potential: v ν ∼ m 2 mix v/M 2 ≪ v. Since such a mixing mass term is forbidden by the U(1) X gauge symmetry in our model, we may slightly extend our Higgs sector by introducing, for example, a SM singlet Higgs field Φ C with a U(1) X charge −3.
Then, the mixing mass term can be induced from a gauge-invariant triple coupling Φ C H † H ν , once Φ C develops its VEV. Taking all new scalar masses larger than m Z ′ /2, all our results for the DM physics and LHC physics remain intact. The contribution of Φ C to the beta function coefficient b X is 3, which is less than 3% at most, compared with the total contribution from the other particles. Consequently, no significant change emerges for the perturbative bounds we have obtained in the previous sections. 
APPENDIX
We summarize the RG equations which we have employed for our RG analysis. The RG equations for the SM gauge, Yukawa, and Higgs couplings in the presence of a new doublet scalar and two vector-like quarks are given as follows: 
